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Abstract. 

The measurement of particle correlations and event -by-event fluctuations of physical 
observables allows to study a large variety of properties of the matter produced in ultra 
relativistic heavy-ion collisions. We will present results for two-particle correlations, mean 
transverse momentum fluctuations, and net charge fluctuations in Pb-Pb collisions at -^snn = 



1. Motivation 

In ultra relativistic heavy-ion collisions the created nuclear matter reaches high temperatures, 
with a sufficient energy density to produce a deconfined state of quarks and gluons. The study 
of this so-called quark gluon plasma (QGP) as predicted by quantum chromodynamics (QCD) 
[I] is the aim of the ALICE experiment at the Large Hadron Collider (LHC) at CERN [21 [3]. At 
RHIC (Relativistic Heavy-Ion Collider) energies evidence for the existence of this new state of 
matter has already been published jlj. Entering a new energy regime with the LHC heavy-ion 
program, the existence of the QGP has further been established by first experimental results 
[5j[6]. The questions that now naturally emerge in this context can be summarized as: 

• What are the properties of the QGP, e.g. rj/s, medium transport coefficients? 

• What is the evolution from QGP formation to final state hadrons which are measured in 
the experiments, e.g. thermalization, phase transition, hadronization? 

The study of correlations among the produced particles and the event -by-event fluctuations of 
quantities such as the net charge and the mean transverse momentum is proposed to provide 
some of the answers. We will present with the help of two examples the strength of these 
methods to learn about the properties and evolution of the QGP. The analyses are performed 
on data taken in Pb-Pb collisions at y / SNN = 2.76 TeV making use of the excellent tracking 
capabilities of the ALICE Time Projection Chamber (TPC). The primary vertex is provided 
by both the TPC and the Silicon Pixel Detector (SPD) and the centrality of the collisions is 
determined by scintillation detectors (VZERO-A and VZERO-C) as described in [7]. 



2.76 TeV. 



2. Correlations 

2.1. Particle yield modification in jet-like azimuthal dihadron correlations 

One way to learn about the properties of the QGP is to study the in-medium energy loss of 
high transverse momentum partons, which are produced in initial hard scattering processes [8] 
and are measurable in the suppression of high-px hadrons in the nuclear modification factor 
Raa |6j • Further constraints on the quenching mechanisms can be retrieved from the per trigger 
yield of associated particles [9], which is defined for azimuthal dihadron correlations as 
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After background subtraction the yield Y is integrated for momentum intervals, where inter- 
and intra-jet correlations are the dominating source of particle correlations (8 GeV/c < pr.trig < 
15 GeV/c and 3 GeV/c < pr,assoc < Pr,trig) in two regions: the near-side peak (|A^| < 0.7 rad) 
and the away-side peak (\A{p — vr| < 0.7 rad). The ratio of yields in central Pb-Pb to pp 
collisions Iaa is shown in Fig. [l]in comparison to different shower evolution models [10]. In the 
away side a strong suppression (Iaa — 0.6) of associated particles due to quenching is observed. 
At the near-side a moderate enhancement (Iaa — 1-2) is observed, which can be understood as 
(i) a change of the fragmentation function, (ii) a possible change of the quark/gluon jet ratio 
in the final state due to the different coupling to the medium, and (iii) a bias on the parton pp 
spectrum after energy loss due to the trigger particle selection. Only one model (ASW) is able 
to reproduce both, the near- and the away-side 7aa ; showing the strong constraints that can 
be obtained from this measurement. 
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Figure 1. Charged hadron Jaa for trigger particle pt 
shower evolution models [TO] . 



8 — 15 GeV/c [9] compared to different 



2.2. Harmonic decomposition 

Moving from the jet-like particle correlations to the soft regime, where collective processes are 
the dominant source of particle correlations, the question of initial conditions in the heavy-ion 



collision can be tackled. To study the shape evolution of triggered particle pair distributions in 
Acp quantitatively [TT], the correlation function 



C(Ar], Aip) = Nmixed N *™™( Ar l> A <P) ( 2 ) 

N S ame N mixed (Ar] , Alf) 

was calculated from the distributions of particle pairs formed from the same event 
N same (Ar], Atp) and from different events N m i xe d(Ar], Aip) for different trigger and associated 
particle transverse momentum ranges. The ratio of mixed-event N mixed to same-event N same pair 
counts is included as a normalization factor. In the bulk dominated regime (pr < 3 — 4 GeV/c) 
in addition to the near- and away-side peak at small pseudorapidity intervals between trigger 
and associate particle a near-side ridge and a peaked structure are observed for 0.8 < Arj < 1.8 
(see left panel of Fig. [2J. The decomposition in Fourier components, both even and odd: 

J dA(pC(Acp)cosnA(p 
V nA = (cos nAtp) = JdA(pC{A(p) (3) 

are shown in the right panel of Fig. [2} It is sufficient to use components up to n = 5 to describe 
the correlation distributions. Furthermore, it is found that for j>T,assoc < 4 GeV/c the two- 
particle Fourier coefficients V^a are consistent with the single-particle harmonic coefficients 
obtained from a global fit, except for n = 1. In Fig. [3] this is shown for n = 2 as an 
example. In addition, the v n values obtained from the global fit agree with two-particle cumulant 
measurements for n = 2 — 5 [12]. This decomposition can be understood as the collective 
response of produced particles to anisotropic initial conditions. However, this decomposition 
is not necessarily unique to hydrodynamic flow. Factorization may be observed whenever both 
particles are correlated to one another through their correlation to a common symmetry plane 
having large longitudinal extent. 
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Figure 2. Left panel: Example of two-particle correlation functions for central Pb-Pb collisions 
at low to intermediate transverse momentum. Right panel: C(Aip) for particle pairs at 
| At/| > 0.8. The Fourier harmonics for Via to V5A are superimposed in color. Their sum is 
shown as the dashed curve. The ratio of data to the n < 5 sum is shown in the lower panel. 
Figure from |llj . 
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Figure 3. Global fit examples in 0-10% central events for n = 2. The measured V2A coefficients 
are plotted on an interleaved PT.trigj PT.assoc axis in the upper panels, and the global fit function 
is shown as the red curves. The global fit systematic uncertainty is represented by dashed lines. 
The lower section shows the ratio of the data to the fit, and the shaded bands represent the 
systematic uncertainty propagated to the ratio. In all cases, off-scale points are indicated with 
arrows. Figure from 



3. Fluctuations 

3.1. Mean^px fluctuations 

It was proposed in |13[ Q3] to use event -by-event fluctuations of the mean transverse momentum 
in heavy-ion collisions as an indicator of the critical behaviour of the system in the vicinity of a 
phase transition. Furthermore the influence of early-time dynamics like geometric fluctuations 
of the colliding system can leave their imprint on these fluctuations. As a reference pp collisions 
are used, where the influence of known physics, like resonance decays, HBT effects, (mini-) 
jets can be studied. The two-particle correlator C m for mean-p^ fluctuations is defined by the 
covariances of all pairs of particles i and j in the same event with respect to the inclusive mean 
transverse momentum (pr)m i n a multiplicity class m: 
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where Nk is the number of particles and _/v|" Mrs = 0.5 • Nk(Nk — 1) is the number of particle 
pairs in event k. It is a measure of the dynamical fluctuations and C m vanishes in the presence 
of only statistical fluctuations. 

In Fig. [4] the relative fluctuations, normalized to the inclusive mean transverse momentum 
(pr)m, are shown as a function of the uncorrected event multiplicity N acc , the number of tracks 
accepted by the analysis cuts. In both pp and Pb-Pb collisions significant non-statistical 
fluctuations are observed, diluting with increasing multiplicity. A common scaling in pp and 
peripheral Pb-Pb can be described by a power law fit \fC m / (pT}rn{N a cc) = A ■ N^ cc to the pp 
data with b = —0.385 ±0.003, whereas for higher multiplicities in Pb-Pb collisions an additional 
reduction of mean transverse momentum fluctuations is evident. This can be understood in the 
onset of local thermal equilibrium at higher centralities [13] . The results from the HIJING event 
generator [15] . on the contrary, can be described by a single power law fit parameter, differing 
from the one extracted from the data, which is in agreement with a scaling by 1 / y/ N acc . 
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Figure 4. Comparison of relative mean transverse momentum fluctuations \/Cm/ (pr)m in PP 
and Pb-Pb collisions together with a HIJING simulation and power law fits both for pp data 
and HIJING simulation |15j . 



3.2. Net charge fluctuations 

Deeper insight on the phase transition to a QGP phase can be gained by determining the relevant 
charge carriers of the system produced in a heavy-ion collision [16j . In a hadron (resonance) gas 
these are mesons and baryons, in the QGP phase quarks are carrying the electric charge. Using 
the number of positive N + and negative particles N_ in 

(N + (N + -l)) (JV_(iV_-l)) (N_N + ) 
+ -'^ n " (N + y + (AT_)2 (N„)(N+) [b) 

as a measure for the event-by-event net charge fluctuations, a significant difference between the 
two phases is expected. The magnitude of the fluctuations can be expressed by the quantity D, 
defined as p2] 

D = 4 (*Qi ^ u d ( Nch ) + 4 ( 6 ) 

N c h 

with (SQ 2 ) the variance of the net charge Q with Q = N + + and A^ c ^ = N+ + A^_. In Fig. [H] 
the values of ^^L r dyn {N c h) , corrected for global charge conservation, are shown for pp and Pb-Pb 
collisions as a function of number of participating nucleons N par t in a pseudorapidity window 
Ar] = 1 and A 77 = 1.6. The shaded bands indicate the predictions for a hadron resonance gas 
(HG) and the QGP [IB]. The data points show a monotonic decreasing centrality dependence 
and lie clearly below the HG, but above the QGP expectation. On the other hand, the results 
from the HIJING event generator for both pseudorapidity windows do not show any dependence 



on Np ar t and are found in the vicinity of the HG band. The observed pseudorapidity dependence 
of 

v c ^"2 ' dyn\N ch) may hint to a dilution of the primordial fluctuations during the evolution of the 
system from hadronization to kinetic freeze-out because of the diffusion of charged hadrons in 
rapidity HHJ [20]. 




Figure 5. v c £ 7 J ( iyn(Nch) (left axis) and D (right axis) as a function of the number of participants 
for Ar] = 1 and Arj = 1.6 in Pb-Pb collisions at J^nn = 2.76 TeV. Also shown are the 
results from the HIJING event generator for both the Ar] windows and in the shaded bands the 
expectations for a hadron resonance gas and the QGP [IS]. Figure from [16J. 



4. Summary and outlook 

In summary, it was shown that the ALICE experiment offers a large variety of tools to study the 
properties and evolution of the QGP via particle correlations and event-by-event fluctuations. 
Energy-loss models can be constrained, initial conditions, composition, and evolution of the 
matter produced in ultra relativistic heavy-ion collisions can be probed. To further improve 
our understanding many more observables or extensions of the presented analyses are needed. 
Among them, we are studying three-particle correlations, harmonic decomposition on an event- 
by-event basis, ApxApT correlations, and the charge correlations using the balance function. 
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